a Push-pull bithienylpyrrole-based azo dyes exhibit thermal isomerisation rates as fast as 1.4 ls in acetonitrile at 298 K becoming, thus, the fastest neutral azo dyes reported so far. These remarkably low relaxation times can be transferred into liquid-crystalline matrices enabling light-triggered oscillations in the optical density of the final material up to 11 kHz under ambient conditions.
Liquid crystals (LCs) find numerous applications in a diversity of areas, including LC displays, 1,2 enantioselective synthesis, 3, 4 medical thermography, 5, 6 analytical chemistry 7, 8 and artificial muscle-like actuation, 9-12 mainly because of the ability of the mesogenic molecules to change their orientation in response to relatively weak physical and chemical cues. In particular, light is an especially attractive trigger to tune the macroscopic properties of liquid-crystalline materials on demand since it can be delivered with superior spatiotemporal resolution enabling, moreover, in situ monitoring of the whole operation in real time. However, for such purpose to be achieved either the mesogenic molecules should be photoactive or the material must be doped with convenient light-sensitive molecules. Development of synthetic chemistry has yielded over the years a wide palette of organic photochromes that could be suitable for this task. In this context, the reversible photochemical interconversion between the trans and cis isomers of azobenzene, in combination with the possibility of its cis form to revert to the initial state thermally in the dark 13 has rendered azo dyes as the photochromes of common choice for lightcontrolled applications within materials science.
Controlled switching of molecular function requires the design and synthesis of appropriate molecular photochromic systems and a basic understanding of their structural and electronic properties including the interaction with the environment.
14 Recently, we have reported a wide variety of very fast isomerising cationic azo dyes with relaxation times ranging from the millisecond to the nanosecond temporal domain. 15 However, the vast majority of research into the photo-responsive properties of these push-pull systems has been limited to the solution phase, mainly because of the low solubility of such organic molecules in conventional host matrices due to their ionic nature. This feature limits substantially their final applicability. Moreover, although the thermal back isomerization of conventional and push-pull type azo dyes in nematic LCs has been intensively investigated during the last decade, [16] [17] [18] azo dye-based photoactive LC mixtures isomerizing within the microsecond timescale have not been achieved. On this basis, the design of novel fast isomerising azo chromophores and their further integration into either flexible polymeric architectures or solid solutions that will not negatively impact the response time of the photoresponsive component are in great demand. We report herein on the synthesis and thermal isomerisation of a new family of bithienylpyrrole-based push-pull azo dyes ( Fig. 1) that show thermal isomerisation rates as fast as 1 ms at 298 K. In addition, we have explored their integration into two types of well-known host matrices, isotropic PMMAbased polymers and nematic LCs, in order to obtain thin film materials exhibiting quick oscillations in their optical density under ambient conditions.
Azo dye 2a has been prepared as reported elsewhere.
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Compounds 1a, 3a-5a and 3b-4b ( 4-amino-N,N-dimethylaniline in acetonitrile or in a 1 : 1 (v/v) mixture of acetic anhydride and ice water (5a) at 0 1C (Fig. S1 and S2, ESI †). ESIMS together with 1 H and 13 C NMR spectra confirmed their structural identities. The kinetics of the thermal cis-to-trans isomerisation for azo dyes 1a-5a, 3b and 4b dissolved in both isotropic (acetonitrile, ethanol, toluene and 1,2-dimethoxyethane) and nematic (I52 in Fig. 1 ) solvents was analysed by means of the nanosecond laser flash-photolysis technique (ESI †). The relaxation time of the cis isomers (t in Table 1 , t = 1/k) was determined by fitting a single exponential function to the data. The maximum oscillation frequency (n Max in Table 1 ) in the optical density of the final material was determined as n Max = 1/(3t).
Parent azo derivatives 1a and 2a, which contain cyano and nitro functions in the ortho and para position, relative to the azo function, respectively, display relaxation times for their thermal back reaction within the millisecond temporal domain (49 ms and 1.6 ms in ethanol at 298 K, respectively). The combination of these two well-known electron-withdrawing groups in the same aromatic ring (compounds 3a and 4a in Fig. 1 ) translates in a dramatic acceleration of the thermal isomerisation of the azo photochrome registering thereby relaxation times within the microsecond timescale (3.1 and 74 ms for 3a and 4a, respectively, a and c in Fig. 2 ). The replacement of the cyano function of 3a and 4a by a second nitro substituent (5a in Fig. 1 ) yielded an isomerisation rate as fast as that of its 2-cyano-4-nitro-substituted counterpart 3a (4.1 ms vs. 3.1 ms in ethanol). Thus, the presence of a nitro group in the para position, relative to the azo function, results in faster thermal isomerization kinetics. In addition, azo dyes 3a and 5a exhibit relaxation times of only 1.4 and 1.7 ms in acetonitrile at 298 K, being, thus, the fastest thermally isomerising neutral azo derivatives described heretofore.
The ability of these azo derivatives to dissolve readily in PMMA thereby forming light-sensitive homogeneous thin films might make such organic chromophores valuable candidates to achieve fast oscillation frequencies in the solid state, where no solvent is present. However, the isomerisation rate for the azo dyes studied decreased dramatically when immersed in PMMA polymeric matrices. Indeed, the relaxation time of azo compounds 3-5 increased from the microsecond temporal domain up to several seconds (3a and 4a, Fig. S5 and S6, respectively, ESI †) or minutes (1a, Fig. S4, ESI †) . Therefore, the rigidness imposed by the PMMA backbone precludes the transfer of the low response time displayed by these photoactive molecular constructs in isotropic solvents to the solid state.
A promising strategy to overcome this drawback can be the use of liquid-crystalline host systems. Indeed, the rod-like shape of the trans isomer of azo dyes 1-5 enables their integration as doped guests into this particular class of selforganized materials. Remarkably, the thermal isomerisation rate for azo derivatives 3a and 5a in the viscous nematic phase of mesogen I52 (30 and 70 ms, respectively) falls within the same temporal domain than those in highly polar conventional isotropic solvents, like acetonitrile (e = 37.5) and ethanol (e = 24.5), but they are ca. 200-fold faster than those in toluene, which exhibits a polarity similar to that of mesogen I52 (2.4 vs. 2.9, respectively). Fig. 1 Chemical structure of azo dyes 1a-5a and 3b-4b, and of the nematic mesogen I52. Phase transition temperatures are given in Celsius. On this basis, such drastic enhancement of the isomerisation rate should be ascribed to the influence of the nematic mean field on the thermal recovery of the thermodynamically stable trans form of the azo photochome. It is well known that illumination of azo dye-doped nematic mixtures results in a dramatic misalignment of the mesogens. 20 Once the irradiation ceases, the tendency of the LC molecules to recover their initial orientation enhances the isomerisation rate of the azo dye through a cooperative interaction.
21 Accordingly, such a synergistic effect translates into a less enthalpic term and a much more negative DS a contribution in the nematic mesogen I52 than in toluene (Table S1 , ESI †). Moreover, this interaction becomes stronger for those azo dyes displaying bithienylpyrrole electron-donating platforms within their covalent skeleton, due to their more extended rod-like geometry, showing thereby much faster relaxation times than their amino-benzenebased counterparts. Specifically, bithienylpyrrole-containing azo dye 3a, which exhibits a thermal relaxation time of only 30 ms at 298 K when doped in the host nematic LC I52 (Fig. 3a) , displays a 10-fold faster isomerisation kinetics than its corresponding amino-benzenebased analogue 3b (Fig. 3b) . In this way, the introduction of azo dyes 1-5 as doped guests in self-organized nematic phases compensates the drastic deaccelerating effect imposed by the intrinsic rigidness of the PMMA polymeric matrix due to the strong tendency of their constituting mesogenic molecules to be realigned along the director direction once the illumination of the samples stops. Finally, the photostability of the different LC-based photochromic molecular switches was tested by subjecting them to several pulsed green light (532 nm)-dark cycles. Fig. 3c evidences the high photo-stability exhibited by the bithienylpyrrole-based azo dye 3a in the nematic host I52 at 298 K. Specifically, this particular mixture permits optical oscillations in the optical density of the system up to 11 kHz under ambient conditions. Moreover, after 500 cycles neither the photoinduced absorbance variation nor the relaxation time of the molecular switch was altered by its continuous work. A similar behaviour was registered for the different azo dyes analysed.
Push-pull bithienylpyrrole-based azo compounds are the fastest neutral thermally isomerising azo dyes reported so far. Specifically, these photoactive systems display thermal isomerisation kinetics as fast as 1 ms at 298 K when dissolved in conventional organic solvents. Remarkably, the highly extended rod-like shape of these particular chromophores makes them excellent guests to be introduced in host nematic mesophases. Indeed, the effective non-covalent interaction between the azo dyes and the nematogen molecules enables the transfer of the thermal isomerisation rate of the former into the self-organized host mesophase, due to the great tendency of the latter to recover their initial orientation along the director after irradiation. Thus, nematic LC mixtures containing bithienylpyrrole-based azo dyes as doped guests permit optical oscillations in the optical density of the system up to 11 kHz under ambient conditions being, therefore, the quickest LC optical oscillators described so far.
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